Basal cell carcinoma (BCC) is the most prevalent cancer in the Western world and its incidence is increasing. The pathogenesis of BCC involves deregulated Sonic hedgehog signaling, leading to activation of the Gli transcription factors. Most BCCs have a nodular growth pattern, and are indolent, slowgrowing, and considered ''low-risk'' lesions. In contrast, the ''high-risk'' morphoeic variant, which causes significant morbidity, has an infiltrative growth pattern, and is so-called because of its densely fibrous stroma. As AvB6 is capable of promoting both carcinoma invasion and fibrosis, we examined the expression of this integrin in BCCs and found that the morphoeic type showed significantly higher AvB6 expression than the nodular type (P = 0.0009). In order to examine the function of AvB6, we transfected the transcription factors Gli1 or Gli2 into NTERT, human keratinocytes to generate a BCC model. These cells expressed AvB6 and were invasive, although inhibition of AvB6 had no direct effect on cell invasion. However, the cells showed AvB6-dependent activation of transforming growth factor-B1, which induced transdifferentiation of human fibroblasts into myofibroblasts. Paracrine secretion of hepatocyte growth factor/scatter factor by these myofibroblasts promoted c-Met-dependent tumor invasion in both Transwell and three-dimensional organotypic assays. These experimental in vitro findings were confirmed using human clinical samples in which we showed that the stroma of morphoeic BCC is myofibroblast-rich compared with nodular BCC (P = 0.0036), that myofibroblasts express hepatocyte growth factor/scatter factor, and that morphoeic BCCs are strongly c-Met-positive. These data suggest that AvB6-dependent transforming growth factor-B1 activation induces both the infiltrative growth pattern and fibrotic stroma so characteristic of morphoeic BCC. [Cancer Res 2008;68(9):3295-303] 
Introduction
Basal cell carcinoma (BCC) is the most common cancer in the Western world, and its incidence is increasing worldwide by up to 10% a year (1, 2) . In the United States, the incidence of BCCs has doubled approximately every 14 years, with an estimated one million new cases annually (3) . BCCs rarely metastasize however, and although patient mortality is low, these tumors are locally invasive, and may cause significant tissue destruction and morbidity, particularly because f80% of tumors occur on the head and neck (4) . The pathogenesis of BCC involves deregulated Sonic hedgehog signaling (Shh), leading to the activation of the glioma-associated (Gli) family of zinc finger transcription factors (5) . In human disease, this is often due to inactivation mutations in the hedgehog receptor and antagonist, PTCH1 (6) . Transgenic mouse models have confirmed the importance of Shh signaling in BCC development; loss of Ptch1 function from the basal keratinocytes of mouse skin is sufficient to induce BCC-like tumor formation (7) . Conversely, mice overexpressing mediators of Shh signaling (including Shh, Gli1, and Gli2) also develop tumors resembling BCC (8) (9) (10) .
BCCs are morphologically diverse and a number of different histologic subtypes have been described. The most common BCC variant is the nodular subtype, which accounts for f80% of tumors (4); these are composed of well-defined cellular islands and are regarded as ''low-risk'' being, typically, indolent and slow-growing. In contrast, f6% of BCCs comprise the ''high-risk'' morphoeic (sclerosing, fibrosing, scirrhous) variant, which occurs mostly on the face/head and neck. This type has a more aggressive natural history and is prone to recurrence (4, 11) . In contrast with nodular BCC, such tumors have an infiltrative growth pattern composed of small islands and strands of neoplastic cells embedded in a densely fibrous stroma.
The epithelial-specific integrin avh6 is usually not detectable on normal adult epithelia but is up-regulated during tissue remodeling, including wound healing and carcinogenesis (12, 13) . avh6 has several ligands, which include the matrix proteins fibronectin and tenascin (13) , and binds to the latency-associated peptide of transforming growth factor-h1 (TGF-h1) and TGF-h3 resulting in activation of the cytokines; a process implicated in pathogenic organ fibrosis (14, 15) .
Increasingly, avh6 overexpression has been reported in numerous types of carcinoma in which it seems to have a tumor-promoting effect (16) (17) (18) (19) (20) (21) . High expression in colon, lung, and cervical carcinomas correlates with poor patient survival (18, 20, 21) , and studies have shown that avh6 may modulate several cell functions associated with tumor progression (16-19, 22, 23) . We have previously shown that avh6 promotes invasion in head and neck squamous cell carcinoma (SCC) in vitro and in vivo, and recently described a novel link between the integrin and the cyclooxygenase-2 metabolite prostaglandin E 2 in modulating proinvasive Rac1 activation (16, 17, 19) . Bates et al. (18) reported increased avh6 expression in colon carcinoma cells that had undergone epithelialmesenchymal transition (EMT) and suggested that activation of TGF-h1 by avh6 provided a mechanism to sustain EMT. Therefore, it seems that avh6 may promote tumor invasion directly through several different mechanisms.
Here, we show that avh6 is expressed at low levels in low-risk nodular BCC but is markedly up-regulated in the more infiltrative morphoeic variant. We transfected the transcription factors Gli1 or Gli2 into NTERT, human keratinocytes (24) to generate a BCC model. Surprisingly, and in contrast to our work with SCC, we found that avh6 did not directly promote Transwell cell invasion. However, avh6-dependent activation of TGF-h1 did modulate stromal fibroblast-to-myofibroblastic transdifferentiation. Myofibroblasts in turn promoted BCC invasion through up-regulated paracrine secretion of hepatocyte growth factor/scatter factor (HGF/SF). Using human clinical samples, we confirmed these in vitro findings and showed that the stroma of morphoeic BCC is myofibroblast-rich compared with nodular BCC, that myofibroblasts express HGF/SF, and that morphoeic BCCs are strongly c-Met-positive. These data suggest that avh6 may promote invasion through indirect stromal mechanisms, and that avh6-dependent TGF-h1 activation might explain both the infiltrative growth pattern and fibrotic stroma of morphoeic BCC.
Materials and Methods
Antibodies and reagents. The monoclonal antibodies (mAb) used in this study were as follows: 10D5, anti-avh6 integrin was from Chemicon International; 6.2G2, and 6.3G9, anti-human avh6 integrin were generously provided by Dr. S. Violette (BiogenIdec, Cambridge, MA). 53a2 rat mAb against human avh6 was produced in-house. mAbs to c-Met (Invitrogen), E-cadherin (Santa Cruz Biotechnology), HGF/SF (R&D Systems), smooth muscle actin (SMA; IA4, Dako), and cytokeratin (AE1/AE3; Dako) were purchased commercially. Polyclonal antibody C-19 antihuman integrin h6 was from Santa Cruz Biotechnology. Human type 1 collagen was obtained from Sigma, Matrigel was from BD Biosciences, and MET kinase inhibitor SU11274 was from Calbiochem.
Immunohistochemistry. Antibodies used were anti-avh6 (6.2G2, 0.5 Ag/mL; Biogen Idec), anti-SMA (IA4, 1;100; Sigma), anti-c-Met (1:50; Zymed) anti-HGF/SF (1:10; R&D Systems), anticytokeratin (AE1/AE3, 1:50; Dako), or anti-E-cadherin (1:50; Santa Cruz Biotechnology). Antigen retrieval varied according to primary antibody: 0.1% a-chymotrypsin and 0.1% calcium chloride (pH 7.8) for 20 min at 37jC (AE1/AE3), Digest-All 3 Pepsin Solution (Zymed Laboratories) for 5 min at 37jC (6.2G2), and microwaving for 30 min in 0.1 mol/L citrate buffer (pH 6; c-Met, SF/HGF, E-cadherin). Endogenous peroxidase was neutralized with 0.45% hydrogen peroxidase in methanol for 15 min and primary antibodies were applied in TBS (pH 7.6) for 1 h. Antimouse IgG biotinylated secondary antibody (Vectastain Elite ABC Reagent, Vector Laboratories) was applied for 30 min followed by peroxidase-labeled streptavidin (Vectastain Elite ABC Reagent, Vector Laboratories) for 30 min. Peroxidase was visualized using DAB+ (Dako) for 7 min and counterstained in Mayer's hematoxylin (Sigma).
Fifteen nodular BCC and 13 morphoeic BCC were selected from archival material and stained for avh6, SMA, c-Met, HGF/SF, E-cadherin, and cytokeratin, then scored according to the Quickscore method as previously described (25) . Appropriate ethical approval was obtained. The staining intensity of avh6 and SMA was scored on a scale of 1 to 3 (1, weak; 2, moderate; and 3, strong), and the proportion of cells staining positively was scored on a scale of 1 to 4 (1, <25%; 2, 25-50%; 3, 51-75%; and 4, 76-100%). The score for intensity was added to the score for proportion to give a score in the range of 0 to 7 and grouped as score = 0 (À), score = 1-3 (+), score = 4-5 (++), or score = 6-7 (+++).
Cell culture. To generate a BCC model, the coding sequences of GLI1 and an active mutant of GLI2 (DN-GLI2b) were cloned into pBabePuro and retroviral particles were made using the Phoenix (amphotropic) packaging cell line as described previously (26) . NTert-1 keratinocytes (NTGli1 and NTGli2) were selected with puromycin (1 Ag/mL) 48 h after retroviral transduction ( for 72 h) and Gli expression was confirmed by Western blot analysis (GLI1 C18 and GLI2 H-300 abs; Santa Cruz Biotechnology). Cells were grown in keratinocyte growth medium (16) . Human fetal foreskin fibroblasts (HFFF2, American Type Culture Collection) were maintained in fibroblast growth medium (DMEM supplemented with 10% FCS) at 37jC in a humidified atmosphere.
RNAi. RNAi SMART pool reagents targeting h6 and control (random) sequences were obtained from Dharmacon and used as described previously (19) . Cells were seeded into six-well plates and left for 24 h until f40% confluent, then transfected with 100 nmol/well of the relevant duplex pool using Oligofectamine transfection reagent (Invitrogen). Cells were used in assays after 24 to 48 h. Cells also were lysed and used to verify protein knockdown by Western blotting analysis.
Flow cytometry. Flow cytometry was performed (16) using anti-avh6 antibody (10D5; Chemicon), anti-c-Met antibody (Invitrogen), and Alexafluor 488-conjugated secondary antibody (Molecular Probes). Negative controls used secondary antibody only. Labeled cells were scanned on a FACSCalibur cytometer (BD Biosciences) and analyzed using CellQuest software, acquiring 1 Â 10 4 events. Results show mean fluorescence (arbitrary units, log scale).
TGF-B bioassay. Mink lung epithelial reporter cells stably expressing a TGF-h-responsive luciferase reporter construct (27) were plated overnight in 96-well plates in DMEM, 10% FCS (5 Â 10 4 cells/well). The medium was changed to serum-free a-MEM, and NTGli1 or NTGli2 cells (2.5 Â 10 4 cells/well) were added to each well in serum-free a-MEM containing anti-avh6 antibody (10 Ag/mL, 10D5; Chemicon) or control antibody (10 Ag/mL, mouse monoclonal anti-a4 integrin, mAb7.2; produced in-house). The cells were cocultured overnight, washed once in PBS, and lysed in reporter lysis buffer (Promega). Luciferase assay buffer (Promega) was added to the supernatant and the luminescence measured using a Wallac plate reader.
Coculture experiments. HFFF2 cells and NTGli1 or NTGli2 cells were plated in six-well dishes (2.5 Â 10 5 cells of each cell type) or onto 13-mm glass coverslips in 24-well plates (2.5 Â 10 4 cells of each cell type). Cells were seeded in DMEM, 10% FCS Fantibodies (as above), or TGF-h1 (1 ng/mL; R&D Systems) and left to attach. The medium was then changed to serumfree DMEM containing antibodies or TGF-h and cultured for an additional 48 h. The cells were either lysed for analysis by Western blotting or fixed and processed for immunofluorescence. The supernatant was analyzed by ELISA for HGF/SF.
Western blot analysis. Cells were lysed in NP40 buffer (Biosource). Samples containing equal amounts of protein were electrophoresed under reducing conditions in 12% SDS-PAGE gels. Protein was electroblotted to nitrocellulose membranes (Amersham Biosciences). Blots were probed with antibodies against avh6 (Santa Cruz Biotechnology) or SMA (Dako). Horseradish peroxidase-conjugated anti-goat or anti-mouse (Dako) were used as secondary antibodies. Bound antibodies were detected with the enhanced chemiluminescence Western blotting detection kit system (Amersham). Blots were probed for HSC70 (Santa Cruz Biotechnology) as a loading control. Exposures of blots in the linear range were quantified by densitometry software (Scion Corp.).
Confocal microscopy. Cells were fixed for 10 min in 4% formaldehyde in cytoskeletal buffer (10 mmol/L MES, 3 mmol/L MgCl 2 , 138 mmol/L KCl, 2 mmol/L EGTA; pH 6.1) with 0.32 mol/L of sucrose. Cells were permeabilized for 5 min with 0.2% Triton X-100 and incubated for 30 min in DMEM, 0.1% bovine serum albumin, and 0.1% sodium azide. Nonspecific staining was blocked by incubation in 5% normal goat serum. Cells were then incubated with anti-SMA (IA4; Dako) and anti-avh6 antibodies (53a.2; in-house) for 1 h, and binding detected by incubation with secondary antibodies conjugated with Alexafluor 488 (Molecular Probes) or Cy3 (Jackson ImmunoResearch) for 45 min. Nuclei were visualized using 4 ¶,6-diamidino-2-phenylindole (Invitrogen). Coverslips were mounted onto glass slides using Mowiol. All dilutions were in DMEM, 0.1% bovine serum albumin, and 0.1% sodium azide and incubations were at room temperature. Images were recorded and processed with a confocal laser scanning microscope (Zeiss LSM510).
Preparation and use of medium conditioned by fibroblasts and myofibroblasts. Fibroblasts (5 Â 10 5 ) were plated in fibroblast growth medium in 75 cm 2 culture flasks for 24 h, then washed twice with PBS. To induce a myofibroblastic phenotype, cells were incubated for 48 h in medium containing recombinant TGF-h1 (1 ng/mL; R&D Systems), which was acid-activated prior to use (4 mmol/L HCl/0.1% bovine serum albumin). Control cells were cultured in medium alone. After 48 h, the cells were washed twice with PBS, and cultured for a further 72 h in a-MEM. The control fibroblast-conditioned medium (FCM) or myofibroblastconditioned medium (MCM) was collected, clarified by centrifugation, and the cells detached and counted. The volumes of FCM and MCM were corrected for equivalent number of cells per milliliter of medium, and 500 AL was placed in the lower chamber of a Transwell invasion assay as a chemoattractant.
Transwell invasion assays. Cell invasion assays were performed over 72 h using Matrigel-coated (diluted 1:2 in a-MEM) polycarbonate filters (Transwell, BD Biosciences; ref. 17) . Cells invading the lower chamber were trypsinized and counted on a Casy 1 counter (Sharfe System GmbH). Results were expressed relative to invasion of control treatment (100). For blocking experiments, anti-avh6 antibody (6.3G9; 10 Ag/mL) or control antibody (mAb7.2; 10 Ag/mL) was added to the cells for 30 min prior to plating. For c-Met inhibition, cells were treated with c-Met kinase inhibitor, SU11274 (5 Amol/L; Calbiochem), for 24 h prior to use and the inhibitor was present throughout the experiment.
Organotypic culture. Organotypic cultures with an air-tissue interface were prepared as described (28) . Gels comprised a 50:50 mixture of Matrigel (Becton Dickinson) and type I collagen (Upstate) containing 5 Â 10 5 /mL of HFFF2 cells, to which 5 Â 10 5 NTGli1 cells were added. Experiments were also carried out by adding a mixture of NTGli1 cells and HFFF cells to a cellfree gel. Each method gave similar results. For inhibition studies, SU11274 (5 Amol/L) was added to the keratinocyte growth medium. The medium was changed every 2 days. After 6 days, the gels were bisected, fixed in formal saline, and processed to paraffin. Sections (4 Am) were immunostained with the pan-cytokeratin antibody AE1/AE3 (Dako).
Statistical analysis. Data are expressed as the mean F SD of a given number of observations. Where appropriate, one-way ANOVA was used to compare multiple groups. Comparisons between groups were made with Fisher's PLSD. P < 0.05 was considered to be significant. 
Results
AvB6 expression is significantly higher in the morphoeic variant BCC. Morphoeic BCCs have an infiltrative growth pattern and a densely fibrous stroma compared with nodular BCCs. Because avh6 is capable of promoting both invasion and fibrosis, we examined the expression and distribution of integrin in these BCC subtypes using immunochemistry (results are summarized in Table 1 ). Of 15 nodular BCC examined, strong expression (+++) of avh6 was present in 7% of tumors. In contrast, expression of avh6 in morphoeic BCC was significantly higher (P = 0.0009) with 10 of 13 tumors (77%) expressing the integrin strongly (Table 1; Fig. 1A ). No strong avh6 staining was observed in the epidermis of normal skin (data not shown).
Generation of NTGli1 and NTGli2 keratinocytes. Because avh6 is a proinvasive integrin (16) (17) (18) , the marked differences in avh6 expression between BCC variants suggested that the integrin may play a role in generating a more aggressive tumor phenotype. To study the role of avh6 in BCC, we first had to generate an in vitro model of the disease. Abnormal activation of the Shh signaling pathway is a major contributing factor in the development of BCCs (5) . cDNAs encoding the Shh transcription factors Gli1 and Gli2 (DN-GLI2b) were retrovirally transduced into NTert-1 skin keratinocytes (24) and expression of the proteins was confirmed using Western blotting (Fig. 1B) .
AvB6 does not promote NTGli1 Transwell invasion. Keratinocyte-derived cell lines (and primary keratinocyes) usually express avh6 in culture (13) . Flow cytometry and confocal microscopy confirmed that NTGli1 and NTGli2 cells expressed avh6 ( Fig. 1C ; data not shown); however, transduction of Gli1 or Gli2 did not upregulate the expression of avh6 or significantly alter the expression of other integrins ( Supplementary Fig. S1A ). We then assessed the effect of inhibiting avh6 on the ability of NTGli1 and NTGli2 cells to invade Matrigel. Inhibition of avh6 using antibodies (6.3G9) or h6 RNAi did not suppress the invasion of NTGli1 (P = 0.834 and P = 0.718, respectively; Fig. 1D ). NTGli2 cells invaded similarly ( Supplementary Fig. S1B ). In contrast, and as we have shown previously, antibody inhibition of avh6 expressed by carcinoma cells derived from the head and neck (VB6), breast (BT20), and lung (H441) reduced invasion significantly (P = 0.0035, P = 0.005, and P = 0.002, respectively). Because it also has been suggested that avh6 may promote invasion directly through modulating TGF-h1-dependent EMT, we repeated the invasion assays adding TGF-h1 into the assay or inhibiting TGF-h1 signaling using recombinant soluble TGF-h receptor II (rsTGF-hRII). Neither treatment had an effect on NTGli1 invasion (P = 0.52 and P = 0.47, respectively; Fig. 1D ).
AvB6 modulates TGF-B1 activation in NTGli1 cells. avh6 modulates several cell functions, including activation of TGF-h1 (14) . To investigate whether avh6 activated TGF-h1 in NTGli1 cells, we carried out a TGF-h bioassay as described previously (27) . 
NOTE: Fifteen nodular BCCs and 13 morphoeic BCCs were selected stochastically and stained for avh6 and SMA before being scored according to the Quickscore method (24) . Briefly, the staining intensity was scored on a scale of 1 to 3 (1, weak; 2, moderate; 3, strong), and the proportion of the tumor or stromal cells staining positively was scored on a scale of 1 to 4 (1, <25%; 2, 25-50%; 3, 51-75%; and 4, 76-100%). The score for intensity was added to the score for proportion to give a score in the range of 0 to 7 and grouped as score = 0 (À), score = 1-3 (+), score = 4-5 (++), or score = 6-7 (+++). There was a significantly higher expression of avh6 and SMA in morphoeic BCCs compared with nodular BCCs (P = 0.0009 and P = 0.0036, respectively). Inhibition of avh6 using antibodies (10D5) or h6 RNAi significantly reduced TGF-h1 activation (by 59% and 37%, respectively; P V 0.0001 and P = 0.0006; Fig. 2A ). NTGli2 cells activated TGF-h1 similarly ( Supplementary Fig. S1C) .
A common finding in many types of carcinoma is that stromal fibroblasts become ''activated'' myofibroblasts and express a number of contractile proteins, particularly a-SMA (29), and TGF-h1 is considered to have a central role in inducing this myofibroblastic phenotype (30) . To determine whether NTGli1 cells could induce myofibroblast differentiation, we carried out coculture experiments with HFFF2 cells. HFFF2 cells express low levels of SMA in culture (Fig. 2C) . Coculture of HFFF2 with NTGli1 cells induced myofibroblast transdifferentiation, producing a significant increase in SMA expression (Fig. 2B and C) , which was associated with cytoplasmic stress fibers (Fig. 2B) . To show that myofibroblast generation was avh6-dependent, we repeated coculture assays in the presence of an avh6-inhibitory antibody. When the avh6 antibody was included, SMA expression was inhibited significantly (Fig. 2B ). This was confirmed by Western blotting (P = 0.006; Fig. 2C ).
Myofibroblasts promote NTGli1 invasion. We have shown previously that myofibroblasts promote the invasion of SCC cells through paracrine secretion of growth factors (25) . Although expression of avh6 did not modulate the invasion of NTGli1 cells directly, we postulated that the generation of a stromal myofibroblastic phenotype could have an invasion-promoting effect. To determine the effect of myofibroblasts on NTGli1 cell invasion, we performed Transwell invasion assays through Matrigel. Myofibroblasts were generated by treating HFFF2 cells with TGF-h1 and then cultured for 72 hours in a-MEM. The MCM was used as a chemoattractant in the lower chamber of the Transwell, and NTGli1 cells were allowed to invade towards this stimulus for 72 hours before being counted. Untreated FCM was used for comparison. We show that MCM significantly promoted the invasion of NTGli1 cells compared with FCM (P V 00001; Fig. 3A ). The addition of avh6-inhibitory antibody (6.3G9) into the Transwell assay did not inhibit invasion (Fig. 3A) .
To further investigate the interaction between NTGli1 and HFFF2 cells in the invasive process, we used an organotypic invasion model (15) . In contrast with Transwell invasion, transient Figure 1 . A, immunohistochemistry showing representative avh6 expression in nodular BCC (i and ii ) and morphoeic BCC (iii and iv ). avh6 expression was significantly higher in morphoeic BCC (P = 0.0009). B, NTert keratinocytes were transfected with GLI1 and GLI2 cDNA and protein expression confirmed by Western blotting. C, flow cytometry analysis showed avh6 expression by NTGli1 cells. This was confirmed by confocal microscopy. Confocal micrograph shows avh6 staining (green ), actin (red ), and merged images. D, Transwell invasion of NTGli1 cells was not inhibited by blockade of avh6 integrin (6.3G9 ) or by transient transfection of cells with h6 RNAi. Treatment of NTGli1 cells with TGF-h1 or inhibition of TGF-h1 using recombinant soluble TGF-h receptor type II (TGF-bRII ) did not affect invasion. In contrast, inhibition of avh6 in head and neck (VB6), breast (BT20 ), and lung (H441 ) carcinoma cells inhibited invasion significantly (P = 0.0035, P = 0.005, and P = 0.002, respectively). Results are expressed relative to control invasion (= 100). Western blotting confirmed RNAi-knockdown of h6 protein at 72 h (f95%).
transfection of NTGli1 cells with h6 RNAi markedly suppressed invasion (Fig. 3B) . This suggested that the invasion-promoting effect of avh6 was modulated indirectly through HFFF2 cells.
Myofibroblasts up-regulate HGF/SF which promotes NTGli1 invasion. Previously, studies have shown that myofibroblasts secrete HGF/SF (31) . This cytokine promotes epithelial cell growth and migration and has been shown to stimulate invasion in squamous carcinoma cells (25) . To determine whether induction of a myofibroblastic phenotype was associated with increased production of HGF/SF, we examined conditioned medium from cocultures of NTGli1 and HFFF2 cells treated with control or antiavh6 inhibitory antibodies. Figure 4A shows that coculture of NTGli1 and HFFF2 induced HGF/SF production, which was suppressed when avh6 was inhibited.
To determine whether the invasion-promoting effect of MCM was modulated through HGF/SF, we inhibited the HGF/SF signaling pathway in NTGli1 cells using the Met kinase inhibitor, SU1224 (5 Amol/L; Calbiochem). Flow cytometry confirmed that NTGli1 cells expressed the HGF/SF receptor, c-Met (Fig. 4B) . Inactivation of c-Met significantly reduced the invasion of NTGli1 Fig. 4B ). Following c-Met inhibition, the level of invasion was similar to that produced by FCM, suggesting that the invasion-promoting effect of MCM was mediated by HGF/SF (Fig. 4B) . SU1124 also inhibited NTGli1 invasion in organotypic cultures, although the inhibitory effect was not as marked as that produced using h6 RNAi (Fig. 4C) .
The stroma of morphoeic BCC is myofibroblast-rich. Our in vitro data predicted that the stroma of morphoeic BCC would be rich in myofibroblasts producing HGF/SF. To determine whether this stroma contained myofibroblasts, we immunostained nodular and morphoeic BCC for SMA expression (results are summarized in Table 1 ). Similar to avh6, expression of SMA was significantly higher in morphoeic BCCs (P = 0.0036) with 11 of 13 tumors (85%) having stroma with strong SMA expression, indicating myofibroblastic differentiation (Fig. 5A, i and ii) . In contrast, only 6 of 15 nodular BCCs (40%) showed strong SMA expression (Fig. 5A, iii  and iv) . No SMA staining was observed in the dermis of normal skin (data not shown).
Morphoeic BCC express c-Met and HGF/SF. Immunochemistry confirmed that c-Met was strongly (+++) or moderately (++) expressed by all morphoeic BCCs (Fig. 5B, i and ii) and that HGF/SF was commonly detected in myofibroblasts in the desmoplastic stroma (Fig. 5B, iii and iv) . Interestingly, nodular BCC also expressed c-Met strongly and expression did not differ significantly from the morphoeic variants (P = 0.69; Supplementary Fig. S2A ). Normal epidermis was c-Met-negative or showed weak expression in basal keratinocyes only ( Supplementary  Fig. S2A ).
Discussion
BCC is the most common human cancer and its incidence is increasing worldwide. Although most BCC are indolent and slowgrowing, several aggressive histologic variants exist which cause significant morbidity. Expression of avh6 occurs in many carcinoma types in which experimental studies indicate that it promotes an invasive phenotype (16, 17, 19) . Here, we show that the integrin avh6 is expressed at significantly higher levels in aggressive, infiltrative morphoeic BCC compared with more common nodular BCC. Using Gli-transfected NTert human skin keratinocytes as a BCC model, we examined the effects of avh6 expression in these cells. Inhibition of avh6 had no direct effect on cell invasion of Matrigel. However, in coculture assays, NTGli1 cells induced human fibroblast-to-myofibroblast transdifferentiation through avh6-dependent activation of TGF-h1. We show that the fibrotic stroma of morphoeic BCC is myofibroblast-rich compared with nodular BCC, and that myofibroblasts promote BCC invasion through up-regulated paracrine secretion of HGF/SF.
Morphoeic BCC account for f6% of BCCs, and are so-called because of the their fibrotic (desmoplastic) stroma. Unlike the more common nodular BCC variant, morphoeic BCCs are aggressively infiltrative, resulting in greater depth of invasion, tissue destruction, and thus, greater frequency of recurrence (11) . Because 95% of these tumors are located on the face or head, this causes significant morbidity (4). We found that 77% of morphoeic BCC expressed avh6 strongly. This was similar to expression levels in cutaneous SCC (66% high expression; 13 of 19 tumors), 4 but was significantly higher than nodular BCC (7%). Interestingly, the histologic growth pattern of morphoeic BCC more closely resembles SCC than nodular BCC.
Although the expression of avh6 has been increasingly described in numerous carcinoma types, and often correlates with poor prognosis (18, 20, 21) , the mechanisms regulating expression remain to be fully described. The cytokines tumor necrosis factor-a and TGF-h1 (mediated by the transcription factor Ets-1) and high cell density have been previously reported to up-regulate this integrin (13, 18) . Transfection of Gli1 and Gli2 into NTertimmortalized keratinocytes did not induce further up-regulation. Consistent with this finding, the h6 promoter does not contain the reported Gli-binding site (GACCACCCA; ref. 32) .
We have previously shown that avh6 promotes the invasion of head and neck SCC in vitro and in vivo (16, 17, 19) . These data suggest that avh6 is an attractive tumor target, and several studies have now inhibited tumor growth successfully in vivo using treatments directed against the integrin (33, 34) . Surprisingly, inhibition of avh6 had no effect on NTGli1 cell Transwell invasion (Fig. 1D) . However, avh6 modulates several cell functions including activation of TGF-h1 (14), and we found that activation of TGF-h1 in NTGli1 cells was avh6-dependent ( Fig. 2A) . The role of TGF-h1 in tumor biology is complex, having both suppressive and promoting effects (35) . This is explained, in part, by observations that most carcinomas become refractory to the antiproliferative effect of TGF-h1 (35) . TGF-h1 also has direct pro-oncogenic effects on tumor cells, including the promotion of motility through modulating EMT. However, treatment of NTGli1 cells with recombinant TGF-h1 or inhibition of TGF-h1 signaling using recombinant soluble TGF-hRII receptor had no effect on invasion. These data suggest that activation of TGF-h1 did not promote NTGli1 cell invasion directly.
Another mechanism by which avh6-dependent activation of TGF-h1 could promote tumor progression is by modulating the tumor stroma. TGF-h1 is considered to have a central role in inducing the myofibroblastic phenotype, and avh6-dependent activation of TGF-h1 results in the pathologic fibrosis of several epithelial organs (14, 15) . There is now abundant evidence that the tumor stroma promotes tumor progression (36-38), and we have previously shown a proinvasive paracrine interaction between myofibroblasts and head and neck SCC cells (25) . Transdifferentiation of myofibroblasts is frequently observed to be associated with the edge of an actively expanding tumor mass, and it is common to find avh6 expressed most strongly at this invasive margin (19, 25, 34) . In coculture assays, we found that NTGli1 cells modulated myofibroblast transdifferentiation through avh6-dependent activation of TGF-h1, and that conditioned medium from myofibroblasts promoted NTGli1 Transwell invasion. Using immunochemistry, we confirmed that the stroma of morphoeic BCCs is myofibroblast-rich compared with nodular BCCs. Additionally, although inhibition of avh6 had no antiinvasive effect in Transwell assays, when NTGli1 cells were admixed with fibroblasts in organotypic culture, h6 RNAi knockdown markedly reduced invasion. We suggest that this effect was modulated through the suppression of myofibroblast transdifferentiation.
Myofibroblasts may promote tumor progression in a number of different ways including secretion of proteases, matrix proteins, and cytokines (38) . Coculture of NTGli1 and HHF2 cells resulted in up-regulated secretion of HGF/SF, which was suppressed when avh6 was inhibited (Fig. 4A) . HGF/SF acts through the c-Met tyrosine kinase receptor, and misregulated expression of both cytokine and receptor is a common finding in many tumor types (39) , although expression has not been previously described in BCC. We found that inhibition of HGF/SF signaling suppressed the invasion-promoting effect of MCM in Transwell assays (Fig. 4B) , and also inhibited invasion in organotypic culture (Fig. 4C) . Inhibition of c-Met in organotypic cultures did not inhibit invasion as markedly as knockdown of h6 protein, suggesting that additional myofibroblastic products may be involved in the invasive process. De Wever and colleagues (40) found that myofibroblasts stimulated the invasion of colon carcinoma cells through secretion of a combination of HGF/SF and tenascin C, and it is possible that a similar mechanism promotes the invasion of NTGli1 cells. Immunochemistry showed that morphoeic BCC express both c-Met receptor and stromal HGF/SF (Fig. 5B) . Interestingly, c-Met expression was also present in nodular BCC at similar levels, although expression in normal epidermis was negative or weakly basal ( Supplementary Fig. S2A ).
HGF/SF may induce invasive growth through several mechanisms, including regulation of the expression and function of cadherins, integrins, and matrix metalloproteinases (41), and we have shown previously that HGF/SF promotes the invasion of head and neck SCC cells (25) . Bennett and colleagues showed that HGF/SF induces the expression of type IV collagenases matrix metalloproteinase-2 and matrix metalloproteinase-9 (42) , and this observation may suggest a possible mechanism for the HGF/SFdependent invasion through Matrigel (which is composed predominantly of type IV collagen) described in this study. HGF/SF stimulation also promotes tyrosine phosphorylation of h-catenin, resulting in the loss of E-cadherin binding and nuclear translocation of h-catenin (43) . Nuclear localization of h-catenin has been reported to be significantly higher in morphoeic BCC compared with nodular BCC (44) . Although Gli1 has been reported to down-regulate E-cadherin expression in BCC through induction of the E-cadherin repressor, Snail (45), immunochemistry showed that E-cadherin expression was maintained in morphoeic BCC (Supplementary Fig. S2B ). However, there was less membranous and more cytoplasmic staining compared with normal epidermis (Supplementary Fig. S2B ). These data raise the possibility that altered E-cadherin function may play a role in the morphogenesis of morphoeic BCC, and that this may be modulated through stromal-derived HGF/SF.
In summary, we show that avh6 is expressed at significantly higher levels in aggressive morphoeic BCC compared with nodular BCC, and show an indirect invasion-promoting effect modulated through stromal cells; avh6-dependent TGF-h1 activation induces a myofibroblastic phenotype resulting in up-regulated HGF/SF secretion which promotes tumor cell invasion. We also confirm that morphoeic BCC are myofibroblast-rich and express HGF/SF and c-Met. These observations from clinically derived material support the suggestion that the paracrine interactions observed in vitro between BCC cells and fibroblasts may also occur in vivo, and might explain the morphologic appearance of morphoeic BCCs. As well as emphasizing the importance of the stromal contribution to tumor development, the data show that avh6 may promote tumor invasion through both direct and indirect mechanisms.
